Abstract. We conducted at-sea line transect surveys for Marbled Murrelets (Brachyramphus marmoratus) to determine density off the coast of central California and to explore the utility of various survey protocols. Surveys were designed to compare line versus strip transect methods, and reveal the effects of distance from shore, viewing conditions and seasonal trends on density estimates. On consecutive days, we conducted 12 paired (24 total) at-sea line and strip transect surveys that were 20 km long at 400 m and 800 m from shore. We also performed nine surveys that were 10 km long and at distances of 400 m, 900 m, 1,400 m, 2,400 m, 3,400 m and 4,400 m from shore. Density estimates calculated using line transects were significantly greater than estimates based on strip transects of 100 m and 200 m widths. Marbled Murrelet density ranged from 2.4-39.4 birds km-* at 400 m from shore, and from 0.0-16.5 birds km-* at 800 m from shore. Density was higher on the 400 m than on the 800 m survey on 22 of 24 survey days. Densities measured on consecutive days were highly correlated on the 400 m transect but not on the 800 m transect. Line transect densities on the 400 m transect were higher when conducted under better viewing conditions. Line transects had higher statistical power to detect trends than strip transects. Statistical power analyses indicated only a 24% chance of detecting a population declining by 5% per year over 5 years when surveying line transects 20 km in length five times a year. Power to detect a 5% annual change increased to 57% when surveying line transects five times per year over 10 years. Survey design should strive to minimize variability in bird density in order to maximize likelihood of detecting population trends. An increase in the number of surveys per breeding season, length of a transect, or duration of monitoring effort should increase power to detect trends in murrelet density. We suggest that at-sea surveys should focus on detecting trends in density rather than population size.
INTRODUCTION
, and such surveys have not been repeated frequently. To estimate population size for a region, samples usually are stratified by distance from shore, and density is calculated for each strata and then combined Miller 1995, Strong et al. 1995) . It is especially problematic when offshore distribution patterns and density only are sampled in a limited area, and this distribution is then extrapolated over the entire species' range. The result is often a single estimate of population size with large confidence intervals due to extensive extrapolation from these few sampled areas (Ralph and Miller 1995 , Strong 1995 , Strong et al. 1995 . These large confidence intervals make it very difficult to detect a moderate change in population size over time. Density estimates of marine mammals and seabirds from at-sea surveys also can be affected by viewing conditions (Buckland et al. 1993, Ralph and Miller 1995) . Thus, information that can increase the precision, accuracy and statistical power of at-sea surveys to estimate population size and detect population trends is needed.
We systematically surveyed the main aggregations of a small, isolated population of Marbled Murrelets along the coast of central California from June to August 1995. Our sampling design was developed to compare survey methods and examine the factors affecting variation in population density estimates. The objectives of this study were to (1) compare distance sampling (line transect) methods to strip transects for estimating murrelet density, and estimate the variability of line transect density estimates by using consecutive days surveys, (2) examine how distance from shore, viewing conditions, and time within the breeding season affected murrelet density, and (3) determine the statistical power of survey designs to detect murrelet population trends.
METHODS

STUDY AREA
The at-sea population of Marbled Mm-relets in central California is centered in the Afio Nuevo Bay region (San Mateo and Santa Cruz Counties) and currently extends from Half Moon Bay to Aptos during the breeding season ( Fig. 1 ) (Strong and Becker 1996) . This population is the southernmost in the range of the species and is separated from the population in northern California by 240-320 km (Sowls et al. 1980 , Carter and Erickson 1988 were obtained from 7.5 minute USGS topographic maps. All surveys were broken into segments that paralleled the shoreline at specified distances but allowed for curvature of the shoreline. Surveys were repeated with the use of the GPS and should be accurate to within several meters. The boat had one driver and two observers, one surveying one side of the vessel by scanning in a 90" arc from the beam to the bow of the boat. All personnel sat on the boat' s pontoons during surveys, which resulted in an eye level of about 1.5 m above the water surface. Binoculars were used only to verify sightings. 
DATA ANALYSIS
Marbled Murrelet density was estimated using the computer program DISTANCE for line transect analysis (Laake et al. 1994 ). Line transect sampling assumes a 100% probability of detecting birds on the line, and that probability of detection decays with distance from the line. Distances from the line for all observations were examined in a histogram using 20 m interval classes to calculate the decay rate (Fig. 2 ). Detections over 160 m from the line were truncated to allow better model fit (Buckland et al. 1993 , Laake et al. 1994 ). Detections were calculated as clusters of birds, and density was estimated using mean cluster size. The DISTANCE program models this decay rate with a polynomial function, determines the function that best fits the data, and uses it to calculate density.
The most consistent model selected by the DISTANCE program to simulate this diminution of the detection rate was a half-normal curve with a polynomial function and cosine adjustments. This model was selected for all extensive survey days pooled, and for 13 out of 24 individual days. The selection criteria for the model were based on the lowest value for Akaike' s Information Criterion (AIC) (Akaike 1973) . AIC selects a model as more informative when additional adjustment terms do not significantly increase the power of the model, thus keeping the model from becoming too complex. Models with the lowest AIC were selected as having the best fit (Buckland et al. 1993 ). When other models were selected by the DISTANCE program, they would sometimes give exceedingly high density estimates, due to insufficient data for fitting the model. All subsequent calculations used the half-normal curve with cosine adjustments to estimate the detection rate for Marbled Murrelets. The DISTANCE program also calculates effective strip width (ESW), coefficients of variation and average group size for each survey. ESW is the width of a strip transect with 100% detection that would yield a density equal to that of a line transect (Buckland et al. 1993) . ESW is reported as half widths, so a 50 m ESW would require a 100 m wide strip-transect with 100% detection to achieve the density reported by a line transect. Density also was calculated using strip transects 100 m and 200 m wide (50 m or 100 m on either side of the boat, respectively) and 20 km long for extensive transects. The total area covered was divided by the total number of birds sighted within the designated strip width to obtain a density (birds ktn2) for the strip transects. Densities on the intensive transects (each 10 km in length) were calculated only using line transect analysis. All densities are reported as means + SE.
Statistical analyses were done using SYSTAT (1994). We used Pearson' s correlation coefficients to examine relationships between murrelet densities on consecutive days. The distributions of density values within different classes of viewing conditions and within line and strip transect density estimates were not normally distributed, as determined by inspecting histograms. Thus, nonparametric tests were used for these comparisons. Paired Wilcoxon' s matchedpairs signed ranks tests were used to test for differences in density estimates among line transects, 100 m and 200 m strip-transects. MannWhitney U-tests were used to examine differences in density estimates between viewing conditions. We pooled excellent with very good days, and good with fair days for this analysis.
We calculated the statistical power of our surveys to detect changes in population size from year to year using the software MONITOR (Gibbs 1995) . Population trends are detected by regressing population density estimates against time (Thomas and Martin 1996) and using a one-tailed t-test to determine if the slope of the line is significantly different from zero (Gibbs 1995) . Scenarios which included the ability to detect trends under various sampling regimes and time durations were explored. Only data from the 400 m transect were used because test simulations showed that the low density and higher standard error on the 800 m transects dramatically decreased power to detect trends.
We examined the probability of detecting population trends ranging from -10% to + 10% per year over five years of annual surveys with 5 survey replicates per year of 20 km in length. These simulations compared the relative power of line transects, and 100 m and 200 m wide strip transects. Scenarios were selected because those distances and survey frequencies may be repeated easily during the breeding season. A second set of simulations was conducted comparing the power of line transects over 10 years of surveys replicated three, five, or ten times per year. Alpha levels (type I error rate) were set to 0.10 for all simulations. One-tailed t-tests were used to test the null hypothesis that trends have no detectable difference from zero. All simulations included 1,000 iterations. Analyses used the mean and standard deviation of density calculated by DISTANCE from the extensive surveys. Mean densities and standard deviation for statistical power projections of strip transects were obtained by dividing the number of murrelets sighted within a strip by the area covered. Power to detect a negative trend is particularly important, because murrelet populations are thought to be declining 4-6% per year (Beissinger 1995).
RESULTS
DISTANCE SAMPLING VERSUS STRIP TRANSECT METHODS
Marbled Murrelets were detected at a higher rate closer to, than farther from, the transect line (Fig. 2) . High levels of detection extended to 40 m and dropped thereafter. This resulted in a nearly level shoulder in the histogram from O-40 m that is required by the DISTANCE program to calculate density accurately and to correct for the decay in detectability (Buckland et al. 1993) . The presence of a shoulder indicates that we met our goal of detecting and recording birds before they were disturbed by our vessel. Although actively foraging murrelets may dive out of view for 17-44 set, with a maximum of 115 set (Thorenson 1989 Consistency of line-transect density estimates was high, as evidenced by a high correlation between densities on consecutive days at 400 m (rZ = 0.50, P = 0.01; Fig. 3A) . At 800 m, a positive but insignificant correlation was found (13 = 0.01, P = 0.25; Fig. 3B ), probably due in part to the high variability between days and low density of murrelets at this distance from shore. High repeatability of density measurements also was found for 100 m wide strip transects at 400 m (13 = 0.48, P = 0.02) but not at 800 m (9 = 0.02, P = 0.95).
FACTORS AFFECTING MURRELET DENSITY ESTIMATES
Marbled Mm-relet densities were significantly greater at 400 m than at 800 m from shore (Z = 3.95, df = 22, P < 0.001). More birds were sighted on the 400 m transect than on the 800 m transect on 22 of 24 days. Intensive surveys also found the greatest density of Marbled Murrelets at 400 m from shore (Fig. 4) . Density declined rapidly to 1,400 m. No murrelets were detected beyond 1,400 m during the entire study, and few birds were detected on the 1,400 m transect (Fig. 4) .
The proportion of murrelets detected at different distances from shore varied among days but clear trends emerged (Table 2 ). An average of 83% of the Marbled Murrelets were detected on the 400 m transect, 14% were observed on the 900 m transect, and 3% were encountered on the 1,400 m transect. From 85-100% of the murrelets were sighted on the 400 m transect on seven of nine days. On the other two days (8 and 20 July), however, the proportion of birds detected was slightly higher at 900 m than at 400 m from shore. (Fig. 5B) , no significant differences related to viewing conditions were detected for density (U = 63.0, n, = 6, n2 = 18, P = 0.55), number of murrelets sighted (U = 75.5, n, = 6, n2 = 18, P = 0.15) or ESW (U = 78.0, n, = 6, n2 = 17, P = 0.06).
Marbled Murrelet density at sea varied during the course of the breeding season (Fig. 6) , and showed some evidence of seasonal trends at 400 m from shore. Density rose from about 5-10 birds ktn* in June to 20-30 birds krn2 in July. Density peaked around 19 July at 400 m and had nearly returned to early June densities (circa 9 June) by early August (circa 31 July). Density at 800 m remained relatively constant until late July, when a slight decline was evident.
POWER ANALYSES
Power analyses revealed that when comparing 20 km line, and 100 m and 200 m strip transects, statistical power was highest for line transects (Fig. 7A) . However, power was still low when using line transects. Line transects surveyed five times per year resulted in power of only 0.24 to detect a negative population change of 5% per year over 5 years. A power of 1.00 indicates a 100% chance of detecting a trend in the population at any given alpha value. Power of line transects more than doubled when surveys were simulated for ten years (Fig. 7B) . However, surveys replicated five times per year over ten years still had only a 57% chance of detecting a 5% annual population decline. Over 5 years, an annual decline of 5% and 10% per year compounds to a total decline of 18.5% and 34.4%, respectively, in population density.
DISCUSSION
Systematic surveys can tease apart sources of variability and determine ways to maximize sampling effectiveness and efficiency. Whereas there is a large body of theory on at-sea sampling (Buckland et al. 1993 ), at-sea survey methods for the Marbled Murrelet must be designed to incorporate the unique ecology of this species and the problems that these attributes create for population monitoring efforts.
The Marbled Murrelet population in the Afio Nuevo Bay region was moderately dense compared to other regions. An average of 13.7 + 1.6 birds ktn* was recorded on 100 m wide strip transects at 400 m from shore, which we report here to facilitate comparison with studies using this methodology elsewhere. In other areas, murrelet densities from strip counts ranged from about 5 birds krn2 in Washington and northern 200 m in Beaufort states up to 3 did not miss a significant number of birds. However, they used boats with a slightly higher and more stable observer platform, which may have permitted detection at farther distances. It is essential that line transect surveys achieve a detection rate of 100% near the transect line to ensure accurate modeling of the decay in detection rate with increasing distance from the transect line (Buckland et al. 1993 ). Marbled Murrelets can be disturbed by the oncoming boat and it is imperative that the position of a bird be recorded before it begins to swim away from the vessel. Line transect surveys that count birds once they come abeam of the boat, by which time they have probably moved some distance away from the transect line, do not meet this requirement and will give inaccurate estimates. We successfully avoided this problem by attempting to record the positions of clusters of murrelets when they were first seen, usually at least 30 m in front of the boat, and using angle boards to assist in estimating distance from the transect line. The presence of a nearly flat shoulder in detection rate near the boat (Fig. 2) , indicated that murrelets typically had not begun to flee the boat before detection.
Marbled Murrelet density on back-to-back days was significantly correlated at 400 m from shore, suggesting that transect counts had good repeatability and that changes in density were small over very short time periods. No significant correlation between densities on consecutive days occurred on the 800 m transect probably due to low likelihood of encountering birds there. We recommend concentrating efforts for detecting population trends in areas of higher known density and surveying low density areas farther from shore less often, primarily to determine changes in distribution.
INCORPORATING OR PRECLUDING FACTORS AFFECTING DENSITY ESTIMATES
Densities of murrelets were higher closer to than farther from shore (Fig. 4) . This result also was reported for coastal waters of Oregon (Strong 1995 Percent change in population density per year for five years although Ralph and Miller (1995) found no decrease in murrelet detections until the sea state reached Beaufort state 3. As no method to account for bias due to different viewing conditions has been developed, we suggest that surveys be avoided in anything less than excellent or very good viewing conditions (Beaufort states 0 and 1). Density remained fairly constant over the summer on the 800 m transect, but showed an apparent short-lived peak on 18 and 19 July on the 400 m transect (Fig. 5) . Whether this represents a regular seasonal trend or was simply a result of temporary movements remains to be determined. Population changes could occur during the course of the breeding season as nesting birds will spend more time away from the ocean incubating or feeding young. Murrelets could move into or out of an area, although this seems less likely in our population because of its isolation. Detecting population trends will require conducting regular surveys within a period when mm-relets do not appear to be immigrating or emigrating.
Other factors that also could affect population estimates should be considered in designing monitoring programs. All of our surveys except one were performed at nearly the same time in the morning, minimizing any bias in density that might be due to time of day. Water temperature (Fig. 7A) . Our analyses did not include inter-annual variation in density, which would likely further reduce power. Power may be increased by reducing variability through the use of line transects, lengthening surveys, and surveying in areas of relatively high density. Shorter transects may be advantageous because they preclude several factors that may affect densities, such as tides and time of day, but they will need to be conducted more often to retain statistical power. Shorter transects, however, may increase variability due to short term movements of birds into or out of the survey area. Longer transects may reduce some of this variability because they are not as sensitive to small scale movements. Preliminary data suggest that loo-km long surveys in the Aiio Nuevo Study area have a higher power to detect trends with fewer replicates per year than 20-km surveys due to a lower standard deviation in the density estimate (Becker and Beissinger, unpubl. data). Although it may be difficult to arrange surveys often enough or of the lengths necessary to ensure a high statistical power to detect trends, knowledge of the statistical power of the surveys being performed is needed to redirect sampling efforts that may be too infrequent or short to be useful. We suggest that future at-sea monitoring efforts for murrelets shift from estimating population size for large geographic regions to detecting changes in population density within limited geographic areas. Trend analysis should be more powerful, accurate, and efficient than attempts to enumerate the entire population because more replications may be completed and there is little or no extrapolation involved. Statistical power to detect trends in murrelet populations may become satisfactory when transects are surveyed repeatedly using line transects, and can be improved by increasing the number of surveys per season or extending transect length. Our results also suggest that line transects should be used because they are more accurate than strip transects in estimating density and they yield a lower standard deviation. It is important that line transect surveys achieve a detection rate close to 100% near the transect line or estimates will be inaccurate due to incorrect modeling of the decay function. Surveys should be performed in Beaufort states 0 or 1, if possible, to avoid bias due to viewing conditions. Variation in densities of murrelets at different distances from shore also will need to be considered. 
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